The aims of the present study were to compare matching performance between ipsilateral and contralateral Wnger force matching tasks and to examine the eVect of handedness on Wnger force perception. Eleven subjects were instructed to produce reference forces by an instructed Wnger (index-I or little-L Wnger) and to reproduce the same amount force by the same or a diVerent Wnger within the hand (i.e., ipsilateral matching task), or by a Wnger of the other hand (i.e., contralateral matching task). The results of the ipsilateral and contralateral tasks in the present study commonly showed that (1) the reference and matching forces were matched closely when the two forces were produced by the same or homologous Wnger(s) such as I/I task; (2) the weaker little Wnger underestimated the magnitude of reference force of the index Wnger (I/L task), even with the higher level of eVort (relative force), but the two forces were matched when considering total Wnger forces; (3) the stronger index Wnger closely matched the reference force of the little Wnger with the lower level of relative force (i.e., L/I task); (4) when considering the constant errors, I/L tasks showed an underestimation and L/I tasks showed an overestimation compared to I/I tasks. There was no handedness eVect during ipsilateral tasks. During the contralateral task, the dominant hand overestimated the force of the non-dominant hand, while the non-dominant hand attempted to match the absolute force of the dominant hand. The overall results support the notion that the absolute, rather than relative, Wnger force is perceived and reproduced during ipsilateral and contralateral Wnger force matching tasks, indicating the uniqueness of Wnger force perception.
Introduction
A contralateral force matching paradigm has been commonly used to investigate mechanisms of force perception and control (Gandevia and McCloskey 1977a, b; Cafarelli and Bigland-Ritchie 1979; Kilbreath et al. 1997; Carson et al. 2002; Jones 2003; Jones and Piateski 2006) . In this paradigm, a reference force produced by one muscle group is matched by a matching force produced by the same (homologous) or diVerent (non-homologous) muscle groups of the contralateral limb. A common Wnding is that force is perceived relative to the maximal force generating capacity. This means that, when expressed as percent of its maximal force generating capacity, the relative reference force is closely matched by the relative matching force, i.e., relative force matching. For example, the relative reference force of Wnger Xexors is closely estimated by the relative matching force of the contralateral elbow Xexors, despite of diVerent strengths between the Wnger Xexors and elbow Xexors (Jones 2003) . In another study, Carson et al. (2002) reported a signiWcant reduction (31%) in the maximal force generating capacity of the triceps brachii immediately after a fatiguing exercise. However, the relative matching force of the fatigued triceps estimated extremely closely the relative reference force of the contralateral non-fatigued homologous muscle. Despite of diVerences in the maximal force generating capacity between non-homologous muscles or altered maximal force generating capacity in one of the homologous muscles, the observation of relative force matching suggests that force perception is likely to be based on a "sense of eVort" in contralateral matching paradigms (Gandevia and McCloskey 1977a, b; Gandevia 1987; Carson et al. 2002) .
In contrast to relative force matching observed in the contralateral force matching paradigm, Li and colleagues have demonstrated that the absolute magnitude of isometric Wnger Xexion forces at Wngertips appears to be perceived and reproduced using an ipsilateral force matching paradigm, even though the maximal isometric Xexion force generating capacities are signiWcantly diVerent between index and little Wngers (Li 2006; Li and Leonard 2006; Park et al. 2007) . For example, when the reference force of a stronger index Wnger is matched by a weaker little Wnger within the same hand, the little Wnger exerts a matching force with a higher eVort (greater relative force, or percent), but still underestimates the absolute magnitude of the index Wnger reference force. However, matching errors (the diVerence between matching and reference forces) are signiWcantly minimized when the total force of all Wngers (instructed and un-instructed Wngers) are compared during the reference and matching periods (Li and Leonard 2006) . The result indicates that both instructed and uninstructed Wnger forces are perceived within the central nervous system (CNS) and that the absolute magnitude of total Wnger force is perceived and reproduced, i.e., absolute force matching, in the ipsilateral force matching paradigm. The phenomenon of uninstructed Wnger forces, name enslaving (Kilbreath and Gandevia 1994; Li et al. 1998a Li et al. , b, 2003 Kilbreath et al. 2002) , is of central origin to a large degree Latash et al. 2002; Danion et al. 2003; Li et al. 2004) . Similarly, in an ipsilateral matching task of an index Wnger reference force to be matched by a little Wnger, absolute force matching of Wnger forces and the enslaving eVect on minimization of matching errors are also observed after an index Wnger fatiguing exercise (Park et al. 2007) .
Absolute force matching during ipsilateral matching paradigms is strikingly in contrast to relative force matching during contralateral matching paradigms. The contrasting results may lie in diVerent matching paradigms, i.e., ipsilateral versus contralateral matching paradigms. Loss of some information may occurs due to the interhemispheric transfer in contralateral paradigms (Gordon et al. 1994) . Alternatively, the results may reXect the possibility that the CNS adopts diVerent strategies for diVerence muscle groups. Relative force matching has been reported in matching tasks involving proximal muscles, while absolute force matching appears to be in Wnger force matching tasks. Therefore, the primary purpose of the present study was to compare matching performance between ipsilateral and contralateral matching tasks involving the same group of muscles, i.e., Wnger Xexors. Handedness has been reported to play an important role in Wnger force control (Gordon et al. 1994; Henningsen et al. 1995) . When producing isometric force simultaneously, the index Wnger of the dominant hand generates greater force than that from the opposite hand (Henningsen et al. 1995) . Accordingly, the other purpose was to examine the eVect of handedness on Wnger force perception particularly in contralateral matching tasks.
Methods

Subjects
Eleven healthy subjects (25.1 § 6.5 years old; 7 men and 4 women) participated in the experiment. Ten subjects were right-handed and one subject was left-handed according to their preferential use of the right or left hand during writing and eating. All subjects gave informed consent and all procedures were approved by the Institutional Review Board of The University of Montana and conformed to the Declaration of Helsinki.
Apparatus
The subject was seated comfortably during the experiments. The two upper limbs were symmetrical with respect to the body midline. The upper arms were at approximately 15° of abduction in the frontal plane and 45° of abduction in the sagittal plane, and elbow joints at approximately 90°o f Xexion. The forearms were stabilized on a wooden board using Velcro strips. Fingers of two hands were positioned on force sensors. Eight force sensors (208C02, PCB Piezotronics) were used to measure the Wnger Xexion forces generated by individual Wngers of both hands. Four sensors were mounted on each wooden board and were able to move vertically and horizontally to accommodate diVerent hand sizes. Eight signal conditioners (484B11, PCB Piezotronics) were connected to the force sensors for amplifying signals. The ampliWed signals were then digitized by a 16-bit analog-to-digital converter (PCI-6229, National Instruments) and stored in a personal computer. The force signals were sampled at 1,000 Hz.
Force matching tasks and procedure Maximal isometric Xexion force of index and little Wngers of each hand was measured three times for each subject before starting the main experiment. During MVC trials, subjects were explicitly instructed to press with the instructed Wnger (index or little) as hard as possible, while paying little attention to possible force production by other un-instructed Wngers. Standard verbal encouragement and online real-time visual feedback were provided. The highest peak value from three trials was considered the MVC force. Based on individual MVCs, a target level of reference force was established and displayed on the computer screen as a red horizontal line. Figure 1 depicts a matching trial. When a trial began, subjects heard a beep sound, waited one second and then produced a reference force for 4 s following a pre-determined visual target. This was immediately followed by a 3 s relaxation period. During force relaxation (5-8 s time period), traces of all Wnger forces were displayed to ensure force relaxation. Subjects were then instructed to reproduce the reference force without visual feedback, using the same or another instructed Wnger. Subjects were instructed to maintain this force to the end of the trial (4 s). Subjects received no feedback regarding force matching accuracy during the experiment. During each trial, subjects were explicitly instructed to match the magnitude of the reference force (i.e. match the absolute force rather than the level of eVort) and to maintain a produced force level during the matching period.
The experiment had both ipsilateral and contralateral matching tasks and was categorized into the following four HAND conditions:
(1) DH/DH (ipsilateral task): the reference and matching forces were produced by the instructed Wngers of the dominant hand (DH); (2) NH/NH (ipsilateral task): the reference and matching forces were produced by the instructed Wngers of the non-dominant hand (NH); (3) DH/NH (contralateral task): the reference force was produced by the instructed Wngers of the dominant hand while the matching force was produced by the instructed Wngers of the nondominant hand; (4) NH/DH (contralateral task): the reference force was produced by the instructed Wngers of the non-dominant hand while the matching force was produced by the instructed Wnger of the dominant hand. Half of the subjects were tested with the DH/DH and DH/NH conditions Wrst and the NH/NH and NH/DH conditions later; and half of subjects were examined vise versa. These sessions were tested in two separate days with an interval of at least 2 days.
For each HAND condition, there were three matching tasks with diVerent Wnger combinations (FINGER) as follows: (1) I/I tasks: both reference and matching forces were produced by the index Wnger(s); (2) I/L tasks: the reference force was produced by an index Wnger while the matching force was produced by a little Wnger; (3) L/I tasks: the reference force was produced by a little Wnger while the matching force was produced by an index Wnger. Note that, for an I/L task, the index reference force of the dominant hand was instructed to be matched by the little Wnger matching force of the dominant hand in the DH/DH condition, while it was instructed to be matched by the little Wnger matching force of the non-dominant hand in the DH/NH condition. Each task (I/I, I/L and L/I) had three levels of reference force: 15, 25, and 35% MVCs. Four trials were recorded for each matching task at each reference force level.
A practice session was allowed for subjects to get familiarized with the experimental setting and instructions. During the practice session, ten trials of ipsilateral and contralateral I/I tasks at 15% MVC were presented. During the experiment, an interval of at least 20 s was given between consecutive trials to avoid possible Wnger fatigue. The order of experimental conditions was randomized, and each condition was conducted in a block of four trials.
Data analysis
To standardize data analysis as in previous studies (Li and Leonard 2006; Park et al. 2007 ), we selected a 1 s period of force production for both reference and matching forces when forces were most stable. The mean force from 3.5 to 4.5 s was calculated for the reference force, and the mean force from 10.5 to 11.5 s was calculated for the matching force, i.e., 0.5 s prior to the end of the reference and matching periods. Based on the 1 s force data, the following dependent variables were analyzed.
Absolute forces generated by both the instructed Wngers (i.e., instructed Wnger forces) and all Wngers (i.e., total Wnger forces) were recorded in Newtons (N). Relative forces of the instructed Wngers were calculated as percentage of corresponding MVC of the Wnger.
To evaluate matching performance, constant errors were calculated from instructed Wnger forces (iCE) and from MVC of I/I task in an ipsilateral matching task. Reference, Relaxation and Matching represent the periods of the reference force production, force relaxation, and the matching force production, respectively. During each trial, the subject was instructed to match a reference force using the same or diVerent Wngers within the hand (i.e., the ipsilateral task), or the Wngers of the other hand (i.e., the contralateral task). Note that visual feedback was provided during the Reference and Relaxation periods (solid line), but not the Matching period (dash line) total Wnger forces (tCE). iCE was deWned as the diVerence between matching and reference forces of the instructed Wngers. Similarly, tCE was calculated to account for contributions of the uninstructed Wnger forces (i.e., enslaving forces) to the force matching performance. Positive values indicated that the reference forces were overestimated by the matching forces, and negative values indicated the reference forces were underestimated by the matching forces.
Statistics
Descriptive statistics was used. Repeated-Measures ANOVAs were used to evaluate matching performances, with factors of HAND (2 levels, depending on comparison), PERIOD (2 levels: reference and matching periods), FL (3 levels: 15, 25 and 35% MVCs), FINGER (3 levels: I/I, I/L, and L/I), and ERROR (2 levels: iCE and tCE). Whenever necessary, Tukey HSD post-hoc test was performed. Detailed description of comparisons was provided in the Results session. The level of signiWcance was set at P · 0.05.
Results
In the present experiment, a visual target of the reference was created based on MVCs of the instructed index and little Wngers. The index Wnger MVC of the dominant hand was greater than that of the non-dominant hand (42.8 N vs. 37 .1 N, P < 0.001), while MVCs produced by the little Wnger of the dominant and non-dominant hands were similar (20.2 N vs. 19 .0 N).
Absolute Wnger force
The instructed Wnger forces and the total forces of instructed and non-instructed Wngers were summarized in Table 1 . Two-way ANOVAs were performed, with factors of PERIOD and FL, to compare absolute reference and matching forces in each experimental condition. As illustrated in Fig. 2 , the index Wnger reference force was not diVerent from the index Wnger matching force (i.e., I/I tasks) in each of four experimental conditions (DH/DH, NH/NH, DH/NH, and NH/DH), except for when F (2,20) = 143.71, P < 0.001) and an interaction of PERIOD £ FL (F (2,20) = 4.64, P = 0.022), but no main eVect of PERIOD. The post-hoc test showed that the reference forces were underestimated at 35% MVC (14.9 N vs. 13.1 N, P < 0.001), but not at 15 and 25% MVCs. Similar results were seen in the NH/NH, DH/NH, and NH/DH conditions. During I/L tasks, the index Wnger reference force was greater than the little Wnger matching force in the DH/DH, NH/NH, and DH/NH conditions, but the reference and matching forces were not diVerent in the NH/DH condition. In the DH/DH condition, there was an main eVect of PERIOD (F (1,10) = 19.19, P=0.001), and an interaction of PERIOD £ FL (F (2,20) = 60.11, P < 0.001). The post-hoc test showed that the index Wnger reference forces were greater than the little Wnger reference force at 25% (P < 0.001) and 35% (P < 0.001) MVCs, but not at 15% MVC. A similar result was found in the NH/NH and DH/NH condition. However, in the NH/DH condition, there was an interaction of PERIOD £ FL (F (2,20) = 18.07, P < 0.001), but no main eVect of PERIOD. The post-hoc test showed that the reference forces were underestimated at 35% MVC (P < 0.001), but not at 15 and 25% MVCs.
During L/I tasks, the reference and matching forces were not diVerent in all HAND conditions. There was no interaction in each HAND condition.
Interestingly, when the total Wnger forces during the reference and matching periods were compared, the reference force and the matching force were not diVerent in all tasks and experimental conditions (Fig. 3) .
Relative instructed Wnger force
When relative reference and matching forces of the instructed Wngers (i.e., with regard to corresponding MVCs) were compared, a diVerent pattern of results was observed (compare Figs. 2, 4) . Similarly, two-way ANOVAs were performed to compare relative reference During I/I tasks, the relative reference and matching forces of the index Wnger were not diVerent in ipsilateral matching conditions (DH/DH and NH/NH). In the contralateral matching conditions, each HAND condition (i.e., DH/NH and NH/DH) showed no main eVect of PERIOD; however, an interaction of PERIOD £ FL (F (2,20) = 6.13, P = 0.008) was found in the NH/DH condition, but not in the DH/NH condition. The post-hoc test showed that the relative reference force of the non-dominant index Wnger was greater than of the dominant index Wnger at 35% MVC (P = 0.001), but not at 15 and 25% MVCs.
During I/L tasks, the relative reference forces of the index Wnger were smaller than the relative matching forces of the little Wnger in all HAND conditions. There was a main eVect of PERIOD (F (1,10) > 36.99, P < 0.001), but not an interaction. To the contrary, during L/I tasks, the relative reference force of the little Wnger were greater than the relative matching force of the index Wnger in all HAND conditions. There was a main eVect of PERIOD (F (1,10) > 107.73, P < 0.001), and an interaction of PERIOD £ FL (F (2,20) > 84.93, P < 0.001).
Constant errors
Constant errors in absolute Wnger forces of the instructed Wngers (iCE) were used to compare matching performance across diVerent experimental conditions (Fig. 5) . Two-way ANOVAs were performed separately to examine the eVect of handedness on matching performance in the ipsilateral conditions and the diVerence in matching performance between ispilateral and contralateral conditions. Factors were HAND and FINGER.
In ipsilateral conditions, no handedness eVect on matching errors was found. Matching errors (iCE) of the ipsilateral matching tasks in the dominant hand (DH/DH) were not diVerent from those in the non-dominant hand (NH/ NH). Matching errors, however, were diVerent among Wnger force matching tasks, showing a main eVect of FIN-GER (F (2,20) = 12.50, P < 0.001). In both DH/DH and NH/ NH conditions, there was an overestimation in L/I tasks (iCE = 0.9 N) and an underestimation in I/L tasks (iCE = ¡2.0 N). In I/I tasks, the reference and matching forces were closely approximated.
Handedness did impact matching performance in contralateral tasks when compared to ispilateral tasks, however (Fig. 5) . When Wnger forces in the dominant hand were instructed to be matched by the contralateral Wngers in the non-dominant hand (DH/NH), iCEs were the same as those in ispilateral tasks (DH/DH). Similarly, iCEs were not diVerent when Wnger forces of the non-dominant hand were to be matched by Wngers in the same hand or in the contralateral hand (Fig. 5 , NH/NH vs. NH/DH). In other words, matching errors were the same when Wnger forces of both dominant and non-dominant hands were instructed to be matched by Wngers in the same (ipsilateral) or in the other hand (contralateral).
In contrast, when the Wngers in the dominant hand were instructed to match reference Wnger forces in the contralateral hand, greater iCEs were observed as compared to ipsilateral tasks (F (1,10) = 6.29, P = 0.031) (Fig. 5 , DH/DH vs. NH/DH). However, no diVerence in matching errors was found when Wngers in the non-dominant hand were instructed to reference Wnger forces in the same hand or in the contralateral hand (Fig. 5 , NH/NH vs. DH/NH). In contralateral tasks, iCE was greater in NH/DH (0.5 N) than in DH/NH (¡1.1 N). The ANOVA showed main eVects of HAND (F (1,10) = 8.00, P = 0.018) and FINGER (F (2,20) = 5.37, P = 0.014). There was no interaction.
Enslaving eVect
To examine the eVect of uninstructed Wnger forces (enslaving forces) on matching errors, two-way ANOVAs were performed to compare matching errors with (tCE) or without (iCE) enslaving forces, with factors of HAND and ERROR. Similar to our previous studies (Li and Leonard 2006; Park et al. 2007 ), we focused on enslaving eVects in I/L tasks (Fig. 6) .
Enslaving forces signiWcantly minimized matching errors in I/L tasks in all experimental conditions except for NH/DH (Fig. 6 ). There were main eVects of ERROR (F (1,10) = 30.66, P = 0.001) and HAND (F (3,30) = 3.05, P = 0.044). No interaction was found. Post-hoc tests showed that enslaving forces minimized matching errors from ¡2.1 (iCE) to 0.2 N (tCE) in DH/DH, NH/NH, and DH/NH conditions (P < 0.001). In NH/DH, enslaving forces ampliWed errors (iCE = ¡0.6 N to tCE = 2.1 N) (P = 0.001).
Discussions
The present study aimed to compare Wnger force perception within the hand and in the contralateral hand and to examine the handedness eVect on Wnger force perception. During the experiment, subjects were instructed to produce reference forces by an instructed Wnger (the index or little Wnger) and estimate the reference forces by the same or diVerent Wngers within the hand (i.e., ipsilateral tasks), or the Wngers of the other hand (i.e., contralateral tasks). Our main Wndings were: (1) similarity in Wnger force matching performance between ipsilateral and contralateral matching tasks; and (2) the eVect of handedness on Wnger force matching performance in contralateral tasks.
Absolute Wnger force matching in ipsilateral and contralateral tasks Contralateral Wnger force matching tasks showed a similar pattern of matching performance as compared to ipsilateral tasks. Similarities were in both ipsilateral and contralateral tasks that (1) the absolute reference and matching forces were matched closely in homo-Wnger (I/I) tasks (Fig. 2) ; (2) a weaker little Wnger underestimated the index Wnger reference force (I/L tasks) (Fig. 2 ), even with a higher level of relative force (eVort) (Fig. 4) , while the total forces in the reference and matching periods were not diVerent (Fig. 3) ; (3) matching errors of the instructed Wngers were not diVerent between ipsilateral and contralateral tasks (Fig. 5) ; (4) enslaving forces helped minimize matching errors of total force except for the task when the index Wnger reference force of the non-dominant hand was matched by the little Wnger of the dominant hand (I/L in NH/DH). These results of ipsilateral and contralateral Wnger force matching were in general agreement with our previous studies using ipsilateral matching paradigms (Li and Leonard 2006; Park et al. 2007 ). As such, the present experiment conWrmed and expanded the previous Wndings and supported the idea that absolute Wnger forces were perceived in both ipsilateral and contralateral tasks.
Our Wnding of absolute Wnger force perception in contralateral Wnger force matching tasks seems to be contradictory to the result of previous weight estimation studies using contralateral matching paradigms Gandevia 1991, 1992) . In which errors of perceived heaviness of a weight lifted by a Wnger increased when the magnitude of concurrently lifted weight by an adjacent Wnger within the same hand increased. For example, the index Wnger lifted 200 g while the ring Wnger of the same hand concurrently lifted 300 g (Kilbreath and Gandevia 1991) . This procedure possibly altered the normal force sharing pattern between the index and ring Wnger during voluntary force production by these two Wngers, as such the activation level for the index Wnger was likely to be increased due to increased level of activation for the adjacent ring Wnger. A heavier weight was estimated subsequently by the contralateral index Wnger. As a result, errors in perceived heaviness of the index Wnger weight increased. This result, however, could be alternatively interpreted that the altered activation for the index Wnger is accurately estimated by the contralateral index Wnger force. In this regard, the result of this weight estimation study is consistent with our study. Our Wnding of absolute Wnger force matching is contradictory to earlier reports of relative force matching involving other muscle groups. Relative force matching has been reported in contralateral force matching paradigms involving other homologous [triceps (Carson et al. 2002) ; triceps and biceps (Cafarelli and Bigland-Ritchie 1979; Jones and Hunter 1982, 1983) ] and non-homologous [Wnger Xexors and elbow Xexors (Jones 2003; Jones and Piateski 2006) ] muscles. The contrasting results may be related to diVerent methodologies. Subjects were instructed to maintain the reference force during the matching period in some studies, e.g., Carson et al. (2002) . This might have biased subjects to match the eVort (the relative force) (cf. ). In contrast, reference and matching forces were produced sequentially after a brief resting period in our contralateral matching paradigm. The methodological explanation needs to be further explored, however. On the other hand, this disparity is likely to be resulted from diVerence in anatomical design and control between distal hand muscles and proximal muscles. The great density of mechanoreceptors in the hand (Johansson and Vallbo 1983) as well as the greater speciWcity in aVerent innervation of motoneurons for hand muscles (Illert and Kummel 1999) make the Wngers innately have greater peripheral feedback than the proximal muscles. Furthermore, accumulated data have demonstrated that aVerent inputs from one hand ascend to both ipsilateral and contralateral somatosensory cortices (Wegner et al. 2000; Simoes et al. 2002; Nihashi et al. 2005; Blatow et al. 2007 ). As such, tactile stimuli applied to Wngertips in one hand are reported to be identiWed and localized in the contralateral corresponding Wngertips (Braun et al. 2005) . This phenomenon of bilateral projections of unilateral hand aVerent inputs could also account for a previous report that patients with surgical disconnection of the cerebral hemispheres are able to estimate accurately heaviness of the weight lifted by the contralateral hand (Gandevia 1978) .
Persistent observation of relative force matching in contralateral matching tasks involving other muscles and the result of absolute Wnger force matching may reXect the uniqueness of Wnger force perception and control and its relation to hand function. Fingers are unique functionally as compared to other muscle group(s). Each Wnger (element) is part of the hand (a system) and individual Wngers are interdependent within the hand (Schieber and Santello 2004) . Perception of absolute forces of individual Wngers (Li 2006 ) allow them to be integrated into a meaningful multi-Wnger synergy to achieve many daily activities, e.g., to provide pen stabilization during hand-writing and to grasp (Johansson et al. 1999; Pataky et al. 2004a, b) . In case of individual Wnger impairment, e.g., after fatigue (Kruger et al. 2007) , other Wngers are able to compensate for one Wnger's impairment to preserve performance of the hand. Similarly, such synergy has been demonstrated to be present during two-hand multi-Wnger tasks (Gorniak et al. 2007 ). Furthermore, as in one hand multi-Wnger tasks (Li et al. 1998a ), un-instructed Wnger forces (enslaving) help minimize a trunk rotational moment during two-hand multi-Wnger pressing tasks (Li S et al. 2000 (Li S et al. , 2001 . In the present study, enslaving forces also minimize matching errors in ipsilateral tasks and most contralateral tasks. The ability to perceive absolute Wnger forces within the hand and in the contralateral hand could permit skilled and coordinated two-hand movements, ranging from tieing a necktie to operating microsurgery. In contrast, the CNS seems to adopt a diVerent strategy for coordinated movements when involving other muscles in two limbs [cf. (Carson et al. 2002; Li and Leonard 2006) ]. Selection of appropriate strategies for diVerent functional tasks suggests that the ability of the CNS to choose a strategy which imparts most success and eYciency.
Handedness eVect on Wnger force perception in contralateral tasks
In contrast to no diVerence in matching performance between the dominant and non-dominant ipsilateral tasks, handedness inXuenced matching performance in contralateral tasks. SpeciWcally, the index Wnger in the dominant hand produced greater matching errors when estimating the contralateral reference forces than the ipsilateral reference forces (NH/DH vs. DH/DH), while no such diVerence was observed when the index Wnger in the non-dominant hand produced matching forces (DH/NH vs. NH/NH) (Fig. 5) . Moreover, in contralateral I/L tasks (Fig. 6) , enslaving forces increased matching errors of the total force when the dominant little Wnger produced matching forces, while errors were minimized when the non-dominant little Wnger produced the matching force. Taken together, these results suggest that the dominant hand tends to overestimate the forces of the non-dominant hand, and the nondominant hand tends to match the forces of the dominant hand in contralateral tasks. Our results of handedness eVect on force matching are in general agreement with previous studies (Gordon et al. 1994; Henningsen et al. 1995; Shergill et al. 2003) . For example, when a brief constant force is applied to the left index Wngertip and the perceived force is estimated by the right index Wnger, the right index Wnger consistently overestimates the left index Wnger force (Shergill et al. 2003) . When acting in alternative turns, force escalation is subsequently observed. Since approximately 90% of humans use the right hand as their dominant hand, the result could be interpreted that the dominant index Wnger overestimates the force of the non-dominant index Wnger.
The eVect of handedness on matching performance of contralateral matching tasks may be related to asymmetries in the somatosensory system. The primary somatosensory cortex (SI) is activated by contralateral sensory stimuli. SI activations are symmetrical at the same level of peripheral stimuli. The secondary somatosensory cortex (SII), which receives ipsilateral and contralateral aVerent inputs, is however preferentially activated in the dominant hemisphere (Wegner et al. 2000; Simoes et al. 2002) . Conceivably, at the same level, the non-dominant index Wnger force triggers a higher SII activation than the dominant index Wnger force. In the subsequent matching force production period of I/I tasks, the dominant index Wnger produces predictably greater matching errors in the NH/DH than DH/DH condition. Alternatively, the tendency of the non-dominant hand to match the dominant hand could make it suitable for controlling movement trajectories and Wnal position, even in case errors may be introduced, during bimanual coordinated movement. On the other hand, the tendency of the dominant hand to overestimate Wnger forces of the nondominant hand may indicate that the CNS simply favors the use of a command eVerent signal in bimanual tasks. Thus, our Wndings support the dynamic dominance model of handedness (Sainburg 2002 ).
In conclusion, we provided evidence that pattern of matching performance were similar between ipsilateral and contralateral Wnger force matching. Further, handedness played an important role in contralteral force matching. Matching errors were greater when Wngers in the dominant hand estimated the contralateral than ipsilateral reference Wnger forces. These results support the notion that the absolute magnitude of Wnger forces is perceived and reproduced. The results are likely related to the unique anatomical and physiological design and the function of the hand.
